Communication through a sequence of two identical, noisy, depolarising channels is impossible in conventional information theory. Surprisingly, communication becomes possible if the depolarising channels are within a quantum switch, where the order of the channels is in a quantum superposition. Here, we experimentally demonstrate this counterintuitive result in a quantum switch that uses polarisation to coherently control the order of two depolarising channels acting on the transverse spatial mode of a photon. We send (3.41±0.15)×10
Since noise is ubiquitous, communication protocols aim to optimise the amount of information that can be sent through a channel with a given amount of noise: in the limit of a completely noisy channel no information can be transmitted. To date, quantum information has extended Shannon's original information theory by considering situations where channels remain classical but information carriers are quantum [1] [2] [3] [4] . Recently it has been shown how to form quantum channels where there is superpositions of the causal order in which gates or channels are applied [5] [6] [7] [8] . This leads to a quantum advantage in communication [9] and computation [10] .
Here we show that it is possible to send information through completely noisy channels-which is classically impossible-if we are ignorant of the order that we go through the channels, technically the order of the two channels is indefinite. We use a quantum switch [5, 7, 8, 10] : in our implementation, the control qubit is photonic polarisation which controls the order of the two quantum channels for the target qubit, which is the photonic transverse spatial mode [8] .
Figure 1 outlines our protocol, following the proposal of [9] . The operations N q and M q are noisy depolarising channels, where q denotes the strength of depolarisation in the channel: q=0 signifies a clean channel, i.e. no depolarisation. The order of the channels is selected by a control qubit in a quantum switch, Ŋ[N q , M q ]. If the control is off, |0 c , then N q •M q , i.e. N q is before M q . If the control is on, |1 c , then M q •N q . In either case no communication is possible via the target qubit since the Holevo capacity-the maximum amount of classical information that can be transferred through any channel [9, 11] -is χ=0. However, if the control polarisation is diagonal, |D c =(|0 + |1 ) c / √ 2, the channels for the target qubit are applied in superposition, i.e. N q and M q have indefinite causal order, and χ>0. Specifically the Holevo capacity of two noisy channels in a quantum switch is, [9] 
where
is the minimum entropy of the two-qubit output of the quantum switch, and H(ρ c ) is * k.goswami@uq.edu.au the Von-Neumann entropy of the output control qubit ρ c , after tracing out the target qubit from the output state.
Quantifying the Holevo capacity requires measuring the output controlρ c . Since our control qubit is polarisation, we express the output control in terms of the Stokes vector (S 1 , S 2 , S 3 ) [12] :
Now consider the target qubit. We model a depolarising channel as a linear combination of all three Pauli errors and the identity operation, where: σ 1 ≡ x is a bit flip (π/2 rotation of the spatial mode); σ 3 ≡ z is a phase flip (π rotation of the spatial mode); σ 2 ≡ y is a combination of bit flip and phase flip; and σ 0 ≡ i. The coefficients {p i } are a function of q, defined as
With an input control state ρ c = |ρ c ρ c |, where |ρ c = √ γ |0 + √ 1−γ |1 and γ ∈ , a switch between two channels N q and M q operates on the control and target qubits to give the output:
Note that this equation shows that the action of depolarising channels in a quantum switch can be considered as a statistical mixture of the action of the quantum switch with unitaries σ i and σ j . Tracing out the target qubit from the output of a quantum switch having two depolarising channels of strength q given in (4), the Stokes parameters of the output controlρ c are given by:
Here S We now show that to assess the action of the quantum switch, Ŋ[N q , M q ], we need only to consider its effect on the S 2 component of the control,
That is, measuring the control output in the Pauli X basis-the diagonal/antidiagonal polarisation basis-for each combination of Pauli operations on the target,
, enables us to measure the operation of a switch with depolarising channels N q , M q on the S 2 parameter.
Equation (5) gives usρ c , and thus from equation (1) the Von Neumann entropy H(ρ c ), which is necessary to obtain the Holevo capacity . 
† for anti-commuting operations. The quantities |+ +| c or |− −| c correspond to the Stokes parameter S 2 (Ŋ[σ i , σ j ]). For commuting operations, the theoretical Stokes parameter S 2 (Ŋ[σ i , σ j ]) is 1 and for anti-commuting operations
In our experiment, the maximum measured rate at the control output is around 100,000 counts per second. We measure, over 10 s, S 2 (Ŋ[σ i , σ j ]) for each pair σ i , σ j ; using equation (5) allows us to find each state Ŋ[σ i , σ j ](ρ c ⊗ρ t ). Combining these as per equation (4) then yields the state
Note that the value of q determines the weighting of that combination. Table I summarises the results. The first two columns are the ideal settings for the target operations, σ i , σ j , the third and fourth columns are the ideal output transformations,ρ t ,ρ c . Figure 2 shows the action of the transformations from column 3 on our choice of input target qubit. The last two columns are the ideal and measured values of the S 2 parameter of the control output.
The uncertainty in each measurement, S 2 (σ i , σ j ) exp. , is small, due to the large number of counts. Computercontrolled waveplates, with a settings uncertainty of ±(2.5×10 Table  I ). The input target qubit ρt is |1 =HG10.
diagonal basis. The value of S 2 is limited by the nonideal interferometric visibility in our switch: which is 85.3 ± 1.8%. This is due to several factors: the unitary operations on the spatial mode are limited by the relatively coarse rotation accuracy of the inverting prisms, ±0.5
• ; further, each optical element is not perfectly flat, introducing wavefront distortions that limit the final visibility. Further details of the experimental setup we use to obtain S 2 (Ŋ[σ i , σ j ]) can be found in the supplementary material and [8] .
From these measurements we calculate H(ρ c ) and the minimum entropy H min (Ŋ[N q , M q ]) to evaluate the Holevo capacity χ for different depolarising channel strengths, as described above. Figure 3 shows the logarithm of χ, plotted against different depolarising strengths of the channel q. The red circles are our measured values; the orange shaded region is the predicted Holevo capacity for visibilities of 85.3 ± 1.8%; the black curve is the Holevo capacity for an ideal quantum switch. The blue curve is the ideal Holevo capacity for classical channels-i.e. two depolarising channels in some definite causal order-which decreases monotonically with increasing depolarising strength; in the limit of two fully depolarising channels, q = 1, χ=0 bits are transmitted. In this limit there is a clear advantage in using quantum channels: ideally 4.88×10 −2 bits can be transmitted, we measure χ=(3.41±0.15)×10 −2 bits.
This nonzero Holevo capacity can be understood intuitively from Equation (4), which shows that the output of a quantum switch with two depolarising channels is a statistical mixture of the output of a quantum switch with different Pauli operations {σ i }. Some of these Pauli operations anti-commute, hence superpositions of the order of anti-commuting Pauli operations-as is possible in a quantum switch-can preserve a finite amount of information in the target qubit. This explains the result of   FIG. 3 . Logarithm of Holevo capacity χ, of two depolarising channels, N q and M q versus depolarising channel strength, q. The blue line is the predicted Holevo capacity for the classical case of definite order, Fig. 1(a,b) . The black line is the predicted Holevo capacity for the quantum case of indefinite order, Fig. 1(c) . The red dots are the measured values for Holevo capacity in our quantum switch; in excellent agreement with the predicted Holevo capacity for our experimental visibilities 85.3 ± 1.8%, shown by the orange shaded area. Note that the minimum measured Holevo capacity of χ<(2.15±0.15)×10 −2 bits occurs at a depolarisation q=0.78, and that higher capacity of χ=(3.41±0.15)×10 −2 bits occurs at full depolarisation, q=1.
Reference [9] -which the authors highlighted as counterintuitive-that the Holevo capacity decreases with increasing dimensionality of the target state. For qudits, the Holevo capacity will decrease since the proportion of generalised Pauli operators that anti-commute also decreases.
We experimentally confirm another striking prediction, which is that above some non-zero depolarisation strength the Holevo capacity will increase. In the ideal case, we see that Holevo capacity attains a minimum value of 3.32×10 −2 bits at q=0.7778 and then the capacity increases to the limit of 4.88×10 −2 bits at q=1, in stark contrast to the classical case of definite causal order which decreases monotonically to zero. Experimentally, we see this increase in information capacity from χ=(2.15±0.15)×10 −2 bits at q=0.78, i.e. at its worst absolute performance it is 13.5 σ above the classical performance at that value of q.
To understand this behaviour, consider that for low depolarisation strengths, the minimum entropy
) increases more rapidly than the von Neumann entropy H(ρ c ). This means that for low q, the rate of depolarisation of the composite system-target and control-is faster than the rate of depolarisation of the control qubit. However, around q=0.7778, H(ρ c ) begins to increase more rapidly than H min (Ŋ[N q , M q ]) so the depolarisation rate of the control overtakes the depolarisation rate of the composite system, and the information revival occurs.
Quantum mechanics allows indefinite causal order, allowing us to send information through two full strength depolarising channels. In protocols like ours, where the target qubit is the transverse spatial mode, an atmospheric channel can be treated as a generalised Pauli channel [13] . This opens up new possibilities for communicating through strong atmospheric turbulence using quantum channels. Note that a depolarising channel is just one type of a noisy channel, raising the question as to what other types of noisy channels-if any-can give an advantage with indefinite causal order: in the supplementary material we show that there is no advantage in using a pure amplitude or phase damping channel.
Our quantum switch realises indefinite ordering of only two operations. The most general quantum switch can be extended to arbitrary number of operations [14] . Extending to systems with qudit control will allow exploration of how information theoretic advantage scales up for n-copies of depolarising channels in a quantum nswitch. The other scenario known to increase the capacity of a channel is when communicating parties share an entangled resource. The enhancement in this case is also greatest for very noisy channels [15] . This suggests a future direction exploring similarities between indefinite causal order and entanglement as resources. [16, 17] Acknowledgements. This work has been supported by: the Australian Research Council (ARC) by Centre of Excellence for Engineered Quantum Systems (EQUS, CE170100009), a DECRA grant (DE160100409) and L'oreal-UNESCO FWIS grant for JR; the University of Queensland by a Vice-Chancellor's Senior Research and Teaching Fellowship for AGW; and the John Templeton Foundation (the opinions expressed in this publication are those of the authors and do not necessarily reflect the views of the John Templeton Foundation). We acknowledge the traditional owners of the land on which the University of Queensland is situated, the Turrbal and Jagera people.
SUPPLEMENTARY MATERIAL
Experimental details. Our experimental setup is a modified form of the quantum switch of Ref. [8] , removing cylindrical lenses and using only inverting prisms, since only Pauli operations where necessary, Fig. 4 . Our input light is diagonally-polarised (|ρ c =(|0 +|1 )/ √ 2=D), and is in the lowest-order vertical-banded spatial mode (|ρ t =|1 =|HG 10 ). We realise the unitary operations {σ i } using a pair of inverting prisms [18] as shown in Fig. 4 . A mechanical rotation of the inverting prism results in a rotation of the incoming spatial mode of the photon, the outputs of the combined operation {σ i • σ j }are shown in Figure 2 .
To implement σ i , σ j , we use up to two M-shaped inverting prisms [8] in each arm. Each prism is oriented at a physical angle θ, which reflects and rotates an incoming beam by 2θ. The action of the rotating prism on our target qubit subspace is represented by the following unitary operation: R(θ) = −cos 2θ sin 2θ sin 2θ cos 2θ .
Unitary ϕ θ1 θ2 σ0 0 We impart the global phase ϕ by a tilted phase plate. We write the transformation performed by the pair of prisms and the phase plate as:
U (ϕ, θ 1 , θ 2 ) = e iϕ R(θ 2 ) R(θ 1 ).
We place the phase plate only when we are doing σ 2 operation. For operations, σ 1 and σ 3 we need only one rotating prism, and for σ 0 and σ 2 we need both prisms. We achieve this by moving the second rotating prism via a translation stage. Table II are the angles and phases used to implement the Pauli operations.
Quantum switch and amplitude damping. For a single qubit, the Kraus operators of an amplitude damping channel A are given by,
where γ denotes the strength of the amplitude damping. γ = 1 means a complete damping, in such case action of an amplitude damping on an input state ρ kills all the components of ρ and the state becomes ρ→A(ρ)= |0 0|.
If two identical amplitude damping channels act in a quantum switch, the resulting channel has Kraus operators given by,
|0 0| c and |1 1| c are the control qubit states.
Here, i, j∈{0, 1}.
For an input control state |ρ c = √ p |0 + √ 1 − p |1 and target state ρ t ={{ρ 00 , ρ 01 }, {ρ 10 , ρ 11 }}, the action of the quantum switch with amplitude damping is given by,
Tracing out the control state of the output in an arbitrary measurement basis |M c = cos θ |0 +e i φ sin θ |1 results in the output target stateρ t ={{ρ 00 ,ρ 01 }, {ρ 10 ,ρ 11 }},
